ABSTRACT. The accuracies of indices of left ventricle function were examined in an open-chest model in dogs with and without a ventricular septal defect, in which the ventricular shunt was opened and reclosed by a specially designed flowmeter probe with a cap. The systolic time interval, the maximal rate of pressure development in the left ventricle (+LV dP/dt), +LV dP/dt corrected for the isometric pressure (+LV dP/dt /Pd), and the time to +LV dP/dt (t-dP/dt) were determined by recording the aortic flow, ventricular shunt flow, aortic pressure, pulmonary arterial pressure, and left ventricular pressure. The isometric contraction time, the preejectional period, and the ejection time shortened with decrease of the mean aortic pressure and aortic flow, and the mean pulmonary arterial pressure increased after opening the ventricular shunt. When the pulse was varied by atrial pacing, the systolic time interval was affected in dogs both with and without a ventricular septal defect, but "isometric contraction time" was not affected in animals with a ventricular septal defect. Dopamine and methoxamine were used to evaluate the effects of the inotropic state and afterload on these indices. The extents of the changes in the systolic time interval and +LV dP/dt were different in animals with and without a ventricular septal defect, but the changes in preejectional period/ejection time, +LV dP/dt/Pd and t-dP/dt were similar in the two conditions. These results suggest that the systolic time interval and the indices of left ventricular pressure are useful in assessment of cardiac function only in certain conditions. (Pediatr Res 20: 433-437, 1986) Abbreviations VSD, ventricular septal defect ICT, isometric contraction time in the VSD animals. +LV dP/dt, maximal rate of pressure development in the left ventricle +LV dP/dt/Pd, +LV dP/dt corrected for the isometric pressure t-dP/dt, time to +LV dP/dt (from the R wave of the ECG to +LV dP/dt) ET, ejection time PEP, preejectional period Many indices of left ventricular function are available, such as the ejection fraction, the systolic time interval, the first derivative of the left ventricular pressure, and indices from the pressurevolume curve. However, it is uncertain whether these indices are Received September 9, 1985; accepted January 6, 1986. Address for correspondence and reprints Dr. Suguru Matsuoka, Department of Pediatrics, School of Medicine, Tokushima University, Kuramoto-cho, Tokushima, 770, Japan.
ABSTRACT. The accuracies of indices of left ventricle function were examined in an open-chest model in dogs with and without a ventricular septal defect, in which the ventricular shunt was opened and reclosed by a specially designed flowmeter probe with a cap. The systolic time interval, the maximal rate of pressure development in the left ventricle (+LV dP/dt), +LV dP/dt corrected for the isometric pressure (+LV dP/dt /Pd), and the time to +LV dP/dt (t-dP/dt) were determined by recording the aortic flow, ventricular shunt flow, aortic pressure, pulmonary arterial pressure, and left ventricular pressure. The isometric contraction time, the preejectional period, and the ejection time shortened with decrease of the mean aortic pressure and aortic flow, and the mean pulmonary arterial pressure increased after opening the ventricular shunt. When the pulse was varied by atrial pacing, the systolic time interval was affected in dogs both with and without a ventricular septal defect, but "isometric contraction time" was not affected in animals with a ventricular septal defect. Dopamine and methoxamine were used to evaluate the effects of the inotropic state and afterload on these indices. The extents of the changes in the systolic time interval and +LV dP/dt were different in animals with and without a ventricular septal defect, but the changes in preejectional period/ejection time, +LV dP/dt/Pd and t-dP/dt were similar in the two conditions. These results suggest that the systolic time interval and the indices of left ventricular pressure are useful in assessment of cardiac function only in certain conditions. (Pediatr Res 20: [433] [434] [435] [436] [437] 1986) Abbreviations VSD, ventricular septal defect ICT, isometric contraction time in the VSD animals. +LV dP/dt, maximal rate of pressure development in the left ventricle +LV dP/dt/Pd, +LV dP/dt corrected for the isometric pressure t-dP/dt, time to +LV dP/dt (from the R wave of the ECG to +LV dP/dt) ET, ejection time PEP, preejectional period Many indices of left ventricular function are available, such as the ejection fraction, the systolic time interval, the first derivative of the left ventricular pressure, and indices from the pressurevolume curve. However, it is uncertain whether these indices are useful for evaluating cardiac function in patients with a VSD as well as in those without a VSD, since in patients with a VSD, the ICT is shortened or absent (1, 2) , and the cardiac geometry and structure are changed by increase of the left ventricular enddiastolic volume and pressure (2, 3) , and these changes may affect the indices of cardiac function. An ideal index of cardiac contractility should not be affected by preload and afterload, but no ideal index for patients with a VSD is available.
Cardiac function is difficult to assess clinically, because patients all have different locations and sizes of defects, grades of pulmonary vascular resistance, extents of outflow obstruction of the right ventricle, and thicknesses and stiffnesses of cardiac muscle (4) . We examined the effects of interventricular shunt on the systolic time interval and the indices from the left ventricle pressure curve in different contractile states induced by drugs in the same cardiac muscle using an experimental model of VSD.
MATERIALS AND METHODS
Twenty-one adult mongrel dogs weighing 10 to 13 kg were used. They were anesthetized by intravenous injection of 30 mgl kg of sodium thiopental, and after insertion of an endotracheal tube, they were ventilated with a tidal volume of 300 ml from a positive pressure respirator (Igarashi Respirator Model B2). The heart and great vessels were exposed by a midline sternotomy. A cylindrical cutter was introduced through a right ventricular purse-string suture and forced through the ventricular septum to create a perimembranous defect. A 6-mm core of septal tissue was excised from the interventricular septum with the cylindrical cutter and then a specially designed flow-meter probe (6 mm inner lumen diameter, 8 mm outer diameter, 10 mm length, Nihon Koden Kogyo Co.) was promptly placed in the VSD. With this probe the VSD could be opened and reclosed by a cap that was attached to threads running through the apzx of the left ventricle and the free wall of the right ventricle, respectively.
The position of the cutter in the interventricular septum was critical because it was essential not to damage the aortic valve or the chordae tendineae of the tricuspid valve. A suitable sized flowmeter probe (lumen diameter 10 or 12 mm, Nihon Koden Kogyo Co.) was cannulated in the ascending aorta for continuous monitoring of the systemic blood flow. The intracorporeal and aortic probes were connected to a square-wave electromagnetic flowmeter of constant diameter (model MF-27, Nihon Koden Kogyo Co.), which simplified measurement of the minute volume. The flowmeter probe gave an accurate response when calibrated in vitro with flows of 0 to 2 literlmin. The diastolic level of the aortic pulsatile flow was used as zero reference in measurement of systemic blood flow in vivo. The zero value of shunt flow was easily obtained by closing the intracorporeal probe with the cap. Pressures were measured with Millar Instmment 4F-6F catheter-tip micromanometers, which were placed in the ascending aorta, main pulmonary artery, and left ventricle. The details of this system have been described previously (5) .
After production of a VSD, a period of 20-30 min was allowed for hemodynamic stabilization. When all the hemodynamic parameters had become stable, the shunt was opened and the effects of acute left to right shunting were observed.
The ECG, pulmonary arterial pressure, aortic pressure, left ventricular pressure, the first derivative of the left ventricular pressure, (LV dP/dt), the aortic flow, and the velocity curve of shunt flow were recorded on a Mingograph (model 800).
As parameters of left ventricular function, the following indices were calculated ( Fig. 1 ): 1) the ET of the left ventricle, from the aorta upstroke to the dicrotic notch in the aortic pressure curve; 2) the PEP of the left ventricle, from the onset of the QRS wave of the ECG to the upstroke point in the aortic pressure curve; 3) the isometric contraction time of the left ventricle (ICT), from the upstroke point in the left ventricular pressure curve to the upstroke point in the aortic pressure curve; 4) the maximal rate of left ventricular pressure development (+ LV dP/dt), the maximum value of the first derivative of left ventricular pressure; 5) the ratio of the maximal rate of left ventricular pressure development to the simultaneously occumng isometric pressure (+ LV dP/dt)/Pd, + LV dP/dt divided by the instantaneous left ventricular pressure minus the left ventricular end-diastolic pressure, and 6) the time to the maximal rate of left ventricular pressure development (t-dP/dt), from the R wave of the ECG to the maximal rate of left ventricular pressure development.
Twenty-one dogs were divided into four groups. The five animals in group I served as controls for the time course and were monitored without pharmacologic intervention for 180 min after opening the interventricular shunt.
Hemodynamic parameters were allowed to stabilize for at least 20 min after creation of the defect, and then right atrial pacing was started in group I1 and drugs were infused in groups 111 and IV.
In group I1 of five dogs, the heart rate was changed by right atrial pacing in the range of 120 and 2 10 beatslmin to study the effects of the heart rate on the indices of left ventricular function. Atrial pacing was performed for 20 min with and without a shunt at each pacing rate. Within a few minutes after the ventricular shunt was reclosed, all hemodynamic values returned to those obtained before opening the shunt.
The seven dogs in group 111 were given dopamine at doses of 5, 10, and 20 pg/kg/min for 20 min. The five dogs in group IV were given methoxamine at a dose of 0.01 mg/kg/min for 20 min. The effects of the drugs were evaluated as percentage changes from the control values. The control value of each index was that before injection of dopamine or methoxamine with or without a shunt. Hemodynamic changes were examined several times by closing and reopening the shunt (Fig. 1) .
Statistical evaluation of the significance of hemodynamic changes and the indices of left ventricular function were examined by the paired t test, taking a p value of less than 0.05 as significant.
RESULTS
Significant hemodynamic effects occurred immediately after opening or reclosing the shunt and became stable within a few minutes. Analysis of variance showed no significant variation in the hemodynamic changes and the indices of left ventricular function for 180 min after opening or reclosing the shunt. All measurements in the test animals were completed within 180 min after creation of the septa1 defect.
1) Effects of the acute presence of a shunt on hemodynamic changes and indices of left ventricular function.
After opening the shunt, the mean aortic pressure and aortic flow decreased with increase in the mean pulmonary arterial pressure as shown in Table 1 . These results in dogs with a VSD showed that the VSD was moderate (pulmonary to systemic flow ratio = 2.42 + 0.38) and that the pulmonary vascular bed was normal. Although the mean aortic pressure, mean pulmonary arterial pressure, and pulmonary to systemic flow ratio changed remarkably, PEP/ET, + LV dP/dt, (+ LV dP/dt)/Pd, and t -dP/ dt did not change significantly, and ICT, ET, and PEP decreased significantly.
2) Effects of atrial pacing on hemodynamic changes and indices of left ventricular function in dogs with and without a VSD. Figures 2 and 3 show that the mean aortic pressure, aortic flow, shunt flow, PEP, and ICT decreased in atrial tachycardia. The PEP was correlated with the atrial pacing rate with and 0.001) with a shunt, and PEP = -0.13 x pacing rate +86 (r = -0.53, p < 0.001) without a shunt. The ICT was correlated with the atrial pacing rate without a shunt, ICT = -0.14 x pacing rate + 66 ( r = -0.41, p < 0.01), but showed no correlation with the heart rate in dogs with a shunt. In contrast, the mean pulmonary arterial pressure, + LV dP/dt, PEP/ET, (+ LV dP/ dt)/Pd, and t -dP/dt did not change significantly at pacing rates of 120 to 210/min either with or without a shunt. 3) Effects of dopamine on hemodynamic changes and the indices of left ventricular function in dogs with and without a VSD. Table 2 shows that dopamine increased the mean aortic pressure, mean pulmonary arterial pressure, and aortic flow with decrease of left-to-right shunt flow. The percentage changes of mean aortic pressure, mean pulmonary arterial pressure, and aortic flow were less with a shunt than without a shunt. Figure 4 shows the percentage changes of the indices during infusion of dopamine at doses of 5, 10, and 20 pg/kg/min. Change in +LV dP/dt was the greatest, and that in PEP/ET was the smallest.
The results indicate that the effects of dopamine at 20 ~g / k g / min on PEP/ET, (+LVdP/dt)/Pd, and t -dP/dt were similar with and without a shunt, whereas the effects on ICT, PEP, and + LV dP/dt were less with a shunt than without a shunt.
4) Effects of methoxamine on the hemodynamic changes and indices of left ventricular function.
Methoxamine decreased the values of ICT, PEP, PEP/ET, and t -dP/dt and increased that of +LV dP/dt with a significant increase of the mean aortic pressure and shunt flow (Fig. 5) . The effects of methoxamine on ICT, PEP, and +LV dP/dt were less 
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with a shunt than without a shunt. These results indicate that change in the afterload affects indices of cardiac function such as ICT, PEP, PEPJET, +LV dP/dt, and t -dP/dt.
DISCUSSION
The ICT has been measured in patients with a VSD (6, 7).
However, left-to-right ventricular shunt begins before opening of the aortic valve (1, 2) . This indicates that ICT is not a real isometric measure in patients with a VSD. In this study ICT, PEP, and ET were shortened by opening a shunt, and affected by atrial pacing and the mean aortic pressure. Thus these indices were affected by not only the contractility, but also the preload, afterload, and heart rate. These results are consistent with previous findings (8) .
The new findings in the present investigation were that the extents of the responses of the systolic time interval to atrial pacing, dopamine, and methoxamine were different with and without a VSD. The different responses of the systemic time interval to dopamine and methoxamine infusions with and without a shunt might account for the difference in hemodynamic changes shown in Table 2 and Figure 5 , because the direct pharmacologic effects of these drugs on the peripheral vasculature and cardiac muscle were the same with and without a VSD. Dopamine acts on a-and P-adrenergic receptors and has a direct positive inotropic action (9, lo), whereas methoxamine, an aadrenergic stimulant, has no direct effect on cardiac contractility (1 1).
These results suggest that ICT, PEP, and ET are not valid indices for evaluation of cardiac function in patients with a VSD as well as without a VSD. It seems that the shortened interval of ICT with a VSD was too short to be shortened further.
On the other hand, PEPJET was not changed significantly by opening the interventricular shunt in this study. Similar tendencies of changes in PEP and ET might lead to reduced effects of opening the shunt and atrial pacing. A good index for evaluation of cardiac contractility should indicate the chronotropic response, but PEPJET did not show the chronotropic response in this study. This might be due to decrease in the filling volume of the left ventricle. The hemodynamic changes during tachycardia indicate decrease in output from the left ventricle (aortic flow plus left-to-right shunt) (Fig. 2) . Another possibility is that the sensitivity of PEPJET as an index of inotropism, and the change in PEP/ET during dopamine infusion were lowest (Fig.  4) . These findings indicate that PEPJET is not useful as an index of left ventricular contractility with a shunt.
Many previous investigators (12) (13) (14) have observed a close correlation between +LV dP/dt and contractility. Of the indices examined, +LV dP/dt was the most sensitive during dopamine infusion and methoxamine administration. However, the response with a shunt was not the same as that without a shunt. This difference was probably due to the smaller change in mean aortic pressure with a shunt than that without a shunt. Abrahamsen et al. (15) found that methoxamine increases left-to-right ventricular shunt flow in patients with a VSD. This finding is consistent with our results (Fig. 5) . The difference in left ventricular end-diastolic volume and mean aortic pressure might also have an effect on +LV dP/dt, since this index was affected by the preload and afterload (12) (13) (14) . In this study, +LV dP/dt was not changed significantly by opening a shunt. This might be due to counter-action of the effect of a decrease in aortic pressure by an increase in left ventricular volume (aortic flow plus left-toright shunt flow) on opening a shunt (Table 1) . Thus +LV dP/ dt is not a good index of the contractile state under conditions in which preload and diastolic pressure are changing.
Mason et al. (13) showed that +LV dP/dt increased with development of isometric pressure and decreased with decrease of aortic pressure. After opening a shunt, the changes mentioned above would occur simultaneously.
Previous investigators ( 13, 16, 17) showed that (+ LV dP/dt)/ Pd and t-dP/dt are very sensitive to change in the inotropic sttite and are also influenced to some extent by large changes in preload. Our study showed that both these indices were affected by an inotropic agent and were not affected by opening a shunt or change in the heart rate. The effect of the heart rate might be due to a combination of the chronotropic response and the effects of hemodynamic changes as described above for PEP/ET.
Although t -dP/dt was influenced slightly by a large change in afterload (Fig. 5) , this effect was similar with and without a shunt.
These results indicate that (+LV dP/dt)/Pd and t -dP/dt are more useful index as indices of left ventricular function than of cardiac contractility with and without a shunt.
Our results also showed that drug infusions resulted in different hemodynamic changes in animals with and without a VSD.
Our model is of acute VSD. The applicability of results with this model to the pathophysiology of chronic VSD requires further study.
